Abstract-A method to precisely determine the quantum efficiency and primary photocurrent in avalanche photodiodes (APDs) is presented based on a linear relationship between excess noise factor F and gain, M. The new method is used to accurately compare performance of modern APD designs when nonlocal impact ionization effects govern the relationship between noise and gain.
I. INTRODUCTION

I
NP-INGAAS based avalanche photodiodes (APDs) are attractive for use in receivers for short-wave infrared optical communications, laser ranging, photon detection, and low light level imaging applications due to their internal gain. Their sensitivity is ultimately limited by multiplication noise due to the inherent statistical nature of the avalanche gain mechanism. For many years extensive work has been undertaken to reduce their noise by using engineered multiplication layers that exploit the non-local impact ionization effect [1] - [4] . A common figure of merit when comparing noise performance of APDs is the effective carrier impact ionization rate ratio, or k eff . McIntyre was the first to use this figure in 1966 when relating the excess noise factor, F, and gain, M [5] . While describing very well the behavior for conventional Si-based APDs where the multiplication layer thickness is greater than 1 μm, it is well known that the expression does not apply well to InGaAs-InP based APDs, especially at gains less than ten and APDs designed with multiplication layers that have a strong non-local impact ionization effect. In this paper we use a recently reported linear relationship between F and M [6] and show how it may be used to more accurately calculate APD excess noise characteristics. Using the new method the authors then characterize and compare two APDs with different multiplication layer designs.
II. BACKGROUND
In [5] McIntyre derived the expression relating M and F through k eff
where k eff is the effective ionization rate ratio of holes to electrons. Practically, in determining k eff from noise and photocurrent measurements, it is imperative to have an accurate measurement of gain. The gain is defined as
where I ph is the total photocurrent in the APD given by the difference between the total current in the APD under illumination, I ill , and the total current in the APD under dark conditions, I dark . I pho , the primary photocurrent, is given by the expression
where q is the electronic charge, P in is the illumination optical power, QE is the quantum efficiency, λ is the wavelength of illumination, h is the Planck constant, and c is the speed of light. I pho is also the value of I ph when the APD gain is unity. However, for many APD designs, particularly those with separate absorption and multiplication layer heterostuctures, there is no easily identified unity-gain point in their I ph versus voltage characteristics, making the determination of I pho problematic. In the past, engineers have inferred this value based on measurements of p-i-n photodiodes with similar layer structures, or perhaps based the value on optical absorption lengths previously published with assumptions of optical transmission through anti-reflective coatings and different layers of semiconductor materials [7] , [8] . However, due to uncertainties in layer thicknesses and compositions, each of these methods introduces substantial error in determining M, which results in erroneous calculations of k eff . While equation (1) agrees well with the characteristics of conventional Si-based APDs with thick multiplication layers, it is not a good fit for InGaAs-InP based APDs, especially at low gains (i.e., < 10) and those having a strong non-local effect in the multiplication layer [1] , [2] . In fact it has been observed both experimentally and theoretically that for many APDs, made with materials including Si, SiC, InP, GaAs, InAlAs, and AlGaAs, particularly those with significant non-local effects in the multiplication layer, the relation more closely follows the expression:
where k nl is not the same as k eff in equation (1), but is nevertheless a similar indirect figure of merit reflective of the noise performance for APDs [6] , [7] , [9] - [21] . Recent theoretical work by Sun et al. using a Monte-Carlo model also supports this finding and they have shown that in these types of APDs the gain distribution function follows a log-normal relationship [6] . One of the interesting features of equation (4) is that it allows the APD engineer to determine a value for I pho directly, without the need for estimates of quantum efficiency. Combining equation (4) and the equation for excess noise in an APD
where i 2 n /B is the noise spectral density, we get the expression i
(6) Thus, from noise spectral density and photocurrent measurements we can plot the left hand side of equation (6) versus I ph and obtain a linear characteristic with slope
and intercept
From (7) and (8) and the quadratic formula we then calculate the values of I pho , k nl , and subsequently values of M, F and QE.
III. EXPERIMENT
To demonstrate the use of this method the noise and photocurrent characteristics of two APDs with different epitaxial structures are analyzed. The epitaxial structures and fabrication process are now described. The first APD is a so-called standard design, (Std-APD). A schematic of its design is shown in Fig. 1 . All ternary and quaternary layers are grown lattice matched to InP. It includes an absorption layer of InGaAs 1.2 μm thick, as well as, a 0.4 μm thick InAlAs multiplication layer. To minimize dark current from tunneling the field in the InGaAs absorption layer is kept to less than 150 kV/cm through the use of a 0.1 μm thick p-doped InAlAs charge layer. A 2.0 μm thick unintentionally doped InAlAs layer is used to reduce the capacitance of the device, while the 0.15 μm thick InAlGaAs grading layer eases the transport of holes from the InGaAs absorption layer to the lower InAlAs spacer layer.
The second APD structure with a periodic multiplication layer (PM-APD) is shown in Fig. 2 . A similar structure is described in references [4] and [21] . All ternary and quaternary layers were grown lattice matched to InP. It includes an absorption layer of InGaAs 1.8 μm thick, as well as, a 3 period multiplication layer designed to enhance the electron impact ionization rate compared to that of holes. Each period consists of a 0.05 μm thick hole "cool down" layer of low doped InAlAs, a thin (∼) 100 nm electric field build-up layer of p-doped InAlAs, a 200 nm thick carrier acceleration layer of low doped InAlAs, a very thin (∼) 10 nm electric field reduction layer of n-doped InAlAs, and an electron impact ionization layer of low doped InAlGaAs having an energy gap of about 0.92 eV. Both APD structures are gown by molecular beam epitaxy. Devices are defined by etchisolation immediately followed by passivation with a plasma enhanced chemical vapor deposited (PECVD) SiO 2 film. Metal contacts are then deposited on the anodes and cathodes of the diodes. The metal on the top side also acts as a mirror to double the light propagation through the absorber. A PECVD SiO 2 antirefective coating tuned to 1550 nm is deposited on the polished rear (light-entry) side of the wafer. After polish, the wafer is around 200 μm thick. After wafer fabrication, chips are diced and flip-chip mounted on metal-patterned ceramic carriers for photo-response and noise testing.
The noise and photocurrent measurements are now described. Fig. 3 is a schematic of the photocurrent and noise measurement apparatus. A stable incandescent lamp with a collimating lens is used as the optical source. An optical bandpass filter centered at 1550 nm with a bandwidth of 10 nm is placed in the optical path to filter all but the wavelengths of interest. The light is coupled to a 50 μm core multimode optical fiber using a 20X objective. The other end of the fiber is manipulated to align with the active area of the photodiode under test. One electrode of the photodiode is connected to a Keithley 2400 source measure unit to provide the bias and measure the dc current in the photodiode. Many current readings are averaged to ensure minimal uncertainty in the measurements. The other electrode is connected to the input of a low noise transimpedance amplifier. The output of the amplifier is connected to the input of an oscilloscope card installed in a PC for transient data collection. Fast Fourier transforms are performed sequentially on many traces from the PC-oscilloscope and averaged to get a stable and repeatable noise power spectrum. A noise spectral density reading is taken at a position centered in a region of the spectrum that is flat for many thousands of Hz. For these measurements this position is around 4 kHz with the spectral resolution set at 100 Hz. The amplifier and PC-oscilloscope card have been carefully selected previously to avoid transient saturation throughout the range of APD gains scanned during noise measurements. To verify the accuracy of the setup the noise power density of an illuminated p-i-n photodiode having unity gain and similar capacitance to the APDs is used. In this verification step the p-i-n is reverse biased at a moderate voltage (typically 5v) to fully deplete the structure while the noise spectral density is measured for many levels of dc photocurrent covering two orders of magnitude. The resulting noise levels span the same range that the APDs produce during their testing. The noise spectral densities measured in the p-i-n (i 2 n /B meas ) are compared with the theoretical noise calculated from the dc current with the equation
where i 2 n /B calc is the noise spectral density calculated, q is the electronic charge, and I is the total current measured in the p-i-n photodiode. In the case of our setup the measured noise spectral density and the calculated noise spectral density have always been within 2% of each other.
For the APDs the noise spectral densities and dc currents are measured as the bias voltage is varied. Measurements are made in both illuminated and dark conditions alternately at each bias voltage. The noise spectral density of the APD due to incident illumination, i 2 n /B, is determined by calculating the difference between noise measured under illumination and noise measured while in the dark. Likewise I ph is the difference between the measured currents under illuminated and dark conditions. The photodiodes selected are of high quality such that the noise measured in the dark is much smaller than while illuminated.
IV. RESULTS determined based on the analysis later in the text. It is clear from the characteristics that there is no plateau or other feature in the illuminated curve where unity gain in the APDs is easily identified. The shoulders seen in the PM-APD illuminated characteristics are due to the depletion region extending through the periods in the multiplication layers. (6). Lines fit to the data both had coefficients of determination in excess of 99.5%, indicating very good linearity. It is worth noting also that at larger values of I ph the curve for the PM-APD is about 40% smaller than that of the standard APD indicative of the larger signal to noise ratio in the former case.
From the intercepts and slopes of the plots, values of I pho , k nl , and QE are calculated using equations (7), (8) , and (3) for each of the APDs and are listed in Table I . The k nl for the PM-APD is approximately 30% lower than the standard, indicative of less multiplication noise. Furthermore, the quantum efficiency of the PM-APD is about 8% larger than that of the standard APD, which is expected based on the relative thicknesses of the InGaAs absorption layers and the fact that light passes twice through the absorber in both designs. 
V. CONCLUSION
Using a new linear expression relating excess noise and gain the authors demonstrate a more accurate method of determining the quantum efficiency, gain, and excess noise of APDs based primarily on the measured parameters of noise, photocurrent and input optical power. The advantage of the new method is that it does not rely on assumptions regarding layer thicknesses, absorption coefficients or optical transmissions and reflections through anti-reflective coatings and mirrors. This method is particularly suited to the analysis of APDs with a substantial nonlocal effect in the multiplication layer. Besides using the method for InGaAs-InAlAs APDs, as shown in this paper, the authors believe it is applicable to APDs made with other materials including but not limited to Si, SiC, GaAs, InP, and AlGaAs, as long as the multiplication layer has a substantial non-local impact ionization effect. Although they are few in number, some APDs presented in the literature do not appear to follow the equation (4) relationship, despite having what should be appreciable non-local effects in the multiplication layer. The authors believe it is worthwhile to revisit those APDs with this new method of characterization in mind. Based on the analysis of the APDs in this paper the authors believe the new k nl ratio is a better figure of merit than k eff when comparing noise performances of APDs with a significant non-local impact-ionization effect.
